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Abstract: Although poly-vinyl alcohol (PVA) has certain mechanical drawbacks such as a weak barrier, it has widely been used in food
packaging over the last many years. To increase the suitability of PVA (C2H4O)n and render it ideal for food packaging, a diversity of
studies have already been carried out. In the below-mentioned script, we, for the first time, report the use of natural product osthol in
making a new composite with PVA for enhancing thermal, physicochemical, and antimicrobial properties. The significant aim of the
report is the insertion of osthol (C15H16O3) into PVA polymer, which is to be subsequently used for antimicrobial applications. The
synthesis of the polymer composite film is done by solvent casting method and is characterized by SEM, XRD, FT-IR, and UV-Vis
spectroscopy analysis. The manifestation of antimicrobial activity against (S. aureus) (ATCC8738P), E. coli (ATCC8739), Aspergillus
niger, Alternaria alternata, and Fusarium solani by the film composite is remarkable. The addition of osthol molecule increases the
tensile strength of PVA films from 18.73 ± 0.56 Mpa (PVA) to 24.58 ± 0.49 Mpa (15 mL). As a result, tensile strength increases by 23.79%
in a film containing a higher concentration of osthol (15 mL). The barrier properties of PVA osthol composite films improve with the
incorporation of osthol. OTR and WVTR decrease by 43.03% and 30.24%, respectively, on the addition of 15 mL osthol. Reduction in
OTR and WVTR of the films could increase their applicability in the food sector. An increase in contact angle from 43° (pure PVA) to
66.7° increases the hydrophobic character of the composite films which is desirable for food packaging. This noticeable enhancement
of the properties of the PVA film like hydrophobicity, mechanical, barrier, and antimicrobial is supporting the potential application of
achieved material in packaging of easily perishable foods like fruits and vegetables by extending their shelf life.
Key words: Natural products, osthol, PVA polymer, food packaging, antimicrobial activity

1. Introduction
Petro-based synthetic polymers have globally alternative applications such as packaging, appliances, building, and
construction. And these applications are considerable. About 42% of polymers in the global polymer market are used
for packaging food, chemicals, cosmetics, and pharmaceuticals and this ratio increases by 5% annually [1-3]. Owing
to their blatant features, polymeric materials have been used in recent times as a worthy substitute for metals, glass,
and ceramics [4-6]. The splendid mechanical and barrier properties, feasible processability, economic viability, and
prevalent availability of synthetic polymers such as polystyrene (PS), polyethylene terephthalate (PET), polyamide
(PA), polyvinylchloride (PVC), polypropylene (PP), and polyethylene (PE) have eminently framed a motive for their
widespread use in packaging applications since the middle of the 20th century. Meanwhile, the poor biodegradability
of synthetic polymers has always been an anxious hindrance to their futuristic prevalence [1-2,4]. Noteworthy research
work has been motivated by increasing concerns about the environmental impact of nondegradable polymers with the
visionary objective of finding a solution to reduce plastic waste. Adequate approaches have been used to eliminate this
environmental issue which encompasses landfills to store the waste, burning, and recycling of plastic waste.Worsening
growth of urbanization, global warming, high costs, and energy consumption inevitably pave hindrances for any further
reduction of plastic wastes in an eco-friendly manner. The researchers, therefore, have come forward with the idea of
replacing the nondegradable polymers with fully biodegradable alternatives in a more realistic manner [7-12]. There has
been a significant increase in the number of publications associated with this research area since 2000. As per the global
market data for polymers, biodegradable polymers pooled for approximately 1% of total consumed plastics in 2009, but
this may reach 20% by 2020 [13]. Unfortunately, the pathetic material performance of most biopolymers, particularly with
* Correspondence: javidbanday@nitsri.net
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regards to their barrier properties, dear prices, and material processing problems, has so far hindered their application
as neat packaging materials. Instead of this, biopolymers are usually combined with other synthetic polymers or else
reinforced with different fillers intending to overcome this limitation [4,14-16]. Being an artificial, semicrystalline, watersoluble polymer, PVA is distinguished for having a broad spectrum of applications [17]. Many studies, therefore, have been
concerned with the material engineering of PVA for the betterment of its credentials. The properties are greatly enhanced
with the incorporation of nanosized reinforcement, nanofillers such as titanium dioxide, zinc oxide, silicate, clay, silver
nanoparticles, and antimicrobial agents of natural extracts.
PVA also owes its popularity to the status of being one of the most popular synthetic biopolymers for packaging
applications and is the cardinal subject of this paper due to its good biodegradability, considerable reluctance to oxygen,
biocompatibility, film-forming capacity, good transparency, easy processability, and desirable mechanical and thermal
properties. PVA has also been approved for use in packaging meat and poultry products by the USDA [18]. Pure PVA
has a more hydrophilic character and low biodegradable character, which limits its use in packaging as pure polymer;
hence, scientists have made its blends and composites to overcome such limitations. Blends of PVA and starch have
resulted in improved biodegradability [19-25]. Similarly, composites of pure PVA and organic acids have decreased the
hydrophilicity of polymer [26]. Composite materials of PVA and natural products have resulted in additional properties
like antimicrobial and antioxidant properties [27]. Nanocomposites of PVA containing nanofillers of inorganic substances
like Ag have resulted in enhancement of a variety of properties like thermal and antimicrobial properties. Cagatay Altinkok
et al. fabricated nanocomposites of Ag nanowires and poly(1,4 cyclohexanedimethylene acetylene dicarboxylate via aza
Michael addition reaction for antimicrobial applications [28]. Mohanty et al. reported that biocomposites of PVA-date
palm leaf fibre (DPL) fabricated via melt mixing route occasioned in the enhancement of properties like mechanical,
compatibility, and thermal properties. An increase in young’s modulus of the biocomposite from 362.5 to 1183 MPa was
observed with 28 wt% amounts of DPL [29]. Similarly, Singha et al. observed improvement in mechanical, thermal, and
antimicrobial properties of corn starch-PVA biocomposite containing lignin-free Grewia Optiva fibres. Based on their
antimicrobial properties, they could be used in the food industry for packaging applications [29]. In other studies by Tran
et al., augmentation in the properties like thermal, mechanical, and antimicrobial of microalgae ash-PVA biocomposites
was reported [30]. Furthermore, the studies suggest their use as antimicrobial ones.
There are several methods employed for small and large-scale production of PVA composite films and blends like
solution casting method, melt processing, extrusion, and injection molding. However, the solution casting method is the
most common method due to less thermal degradation of polymers and organic compounds at low temperature and shear
[31].
Taking the above facts into account, this work comprises synthesis of PVA ostholcomposite film by solvent casting
method. The osthol molecule{7-Methoxy-8-(3-methylbut-2-enyl)chromen-2-one} or 7-methoxy-8-(3-methylbut-2-enyl)2H-1-benzopyran-2-one), one of the major constituents of various Prangos species in general, and Prangos pabularia in
particular, is a simple coumarin. This molecule is biologically active and has good antibacterial [32-33] and antifungal
activity [34]. The film composite is fully characterized and its thermal and antimicrobial properties are evaluated. Thus,
it has the potential to act as a natural food preservative in enhancing the shelf life. This report on the use of osthol for the
synthesis of a film composite with PVA has been formed for the first time.
2. Materials and methods
PVA was procured by HiMedia (India). According to the procedure mentioned in our previous work, extraction of Osthol
from the Prangos pabularia plant was made [35].
For the preparation of 5% (w/v) solution of PVA, 5 g of PVA was dissolved in 100 mL of distilled water. This solution
was heated at 75 °C on a magnetic stirrer for 3 h to get a transparent solution [36]. The solution was placed inside the
sonicator for 15 min to get rid of air bubbles if present. Next, 25 mL of this solution was cast on a Petri plate for drying.
This dried film was then peeled off and placed inside the desiccator for further characterization.
For the preparation of PVA osthol composite films (PO), the preparation of two solutions (Solution A & Solution B)
to be subsequently used for PO film composite was a part of our proceedings [37]. Solution A 0.045 wt% was prepared
by the dissolution of 15 mg of osthol in 30 mL DMSO. Solution B 5 wt% was prepared by dissolving 5 g of PVA in 100
mL distilled water, heated perpetually at 75 °C for 3 h at a stretch, and homogeneity and clarity were thereof made sure.
Consequently, tantamount volumes of solution B were added to 5 mL, 10 mL, and 15 mL volumes of osthol (OL) solution.
The weight percentages of the above three solutions are 0.0076%, 0.013%, and 0.017%. After that, each solution was heated
at 80 °C on a magnetic stirrer for 2 straight hours. Eventually, the three solutions were transferred to Petri plates for
parching, which took almost 3 to 4 days to get implicitly dry composite films. Lastly, the prepared films were peeled off
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from Petri plates and packed in black paper sheets to evade solar exposure. Finally, these films were kept inside a desiccator
for further characterization.
Pure PVA film was found to be highly smooth and transparent. With the incorporation of osthol, the film became
translucent with a rough surface and a slight increase in thickness. Visually needle-like structures were distinguished.
Needle-like structures confirm the deposition of osthol on the polymer surface as is shown in Figures 1 and 2.
Perkin Spectrum 2 was used for FTIR studies of prepared polymer composites. The XRD was carried out using (Rigaku
smart lab 9 kW rotating anode X-ray diffractometer; Cu Kα radiation of wavelength (λ) = 1.54050 Å) for crystal structural
studies of the sample. The field emission scanning electron microscopy (FESEM) ZEISS Gemini SEM 500 operated at 15
kV was used for surface morphological studies of polymer composites.
Shimadzu UV-1601 spectrophotometer was employed for optical properties in the wavelength range of 200 nm
to 800 nm. Film absorbance at 600 nm was used to measure the opacity of films as per the method given in [38]. A
spectrophotometer was used to place rectangular film. This was done in reference to a blank test tube. The opacity of the
films was calculated by the following equation:
(1)
where T stands for transparency, Abs 600 is the absorbance at 600 nm, and χ is the thickness (mm) of the film. According
to the above equation, the high values of T indicate lower transparency and a higher degree of opacity.
Mettler Toledo DSC/TGA instrument was implemented to carry out the study of thermal properties. Under the
influence of flowing nitrogen, the heating rate was kept at 10 °C/min to perform TGA measurements.
Microscope MicroView (USB Digital Microscope) supported with an image analysis software was employed in the
determination of the wettability property of the surface of the films using contact angle ϴ. The film surface was treated
with distilled water of 2 µL quantity. The measurement of the contact angle formed by the intersection of the liquid-solid
interface (a drop of water-surface of the film) and the liquid-vapor interface (tangent on the boundary of the drop) was
carefully calculated [39]. The final measurement was taken as the mean of five different measurements.
Implementation of the Drying Oven Method was made to obtain the moisture content. Initially, 2 × 2 cm2 film pieces
were cut and weighed (W1). The film pieces were dried at 105 °C in a hot air oven for 24 h. Finally, dry weight (W2) was
obtained [40]. The moisture content (MC) was calculated from the weight loss using Eq. (2):
(2)
For determination of the solubility of the film (FS), the methodology given in [40] was performed. Before the calculation
of the percentage of dissolved dry matter, films were immersed in water to accurate the experiment. Film samples of
dimensions 2 cm × 2 cm were cut out. These samples were later on dried at 60 °C for 24 h. This was done to determine the
initial dry weight (Mi). Film samples were dipped in deionized water in 30 mL quantity. This was followed by mild shaking
for 24 h. The samples were then removed and dried at 100 °C for 24 h to determine the undissolved final dry weight (Mf).
The % film solubility (FS) was calculated using Eq. (3):
(3)
The standard method of ASTM E 96-95 with modification was exercised in the determination of the water vapor
transmission rate (WVTR) [41]. Eighteen millilitres of distilled water was filled in a WVP measuring cup. For prevention
of water vapour loss, film samples of dimensions (7.5 cm × 7.5 cm) were used to cover the cup and clamp it strongly. The
assembled WVP cup was weighed and subsequently placed in a controlled environmental chamber set at 25 °C and 50%
RH. Weight change of the cup was observed periodically after every 1 h for 8 consecutive hours. For calculation of the
water vapour transmission rate (WVTR; g/m2.s) of the film, the slope of the steady-state (linear) portion of the weight loss
versus the time plot was used.
The oxygen transmission rate (OTR) measuring system (Labthink; C230) according to ASTM D3985—17 standard
at 23 °C and relative humidity of 0% was implemented in the determination of oxygen transmission rate. Two parallel
samples were tested for each packaging film.
Calibrated digital micrometre Vernier calliper was used for thickness measurements at three different places of the film.
Next, an average of the three measurements was taken. Standard mechanical properties of composite films such as tensile
strength, and elongation at break %, as per ASTM D, 882, were measured by making use of Tinius Olsen H50 KT universal
testing machine. This was done by using a 5 kg (50N) load cell at the crosshead speed of 5 mm/min. Film samples of dimensions
5 × 1 cm2 were accommodated between two gripping units of tensometer, with a 3 cm gauge length left for mechanical loading.
From the results of five tests, average values are observed and expressed as mean ± standard deviation (SD).
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Figure 1. Pure PVA film.

Figure 2. Osthol-incorporated PVA film (15 mL).

An evaluation of the antibacterial activity of PVA osthol composite against two bacterial strains E. coli and S. aureus
was done by using the liquid test culture method [42]. In the liquid test culture method, circular composite films of 20
mm diameter were cut, sterilized by UV radiations for 20 min, and immersed in tryptic soy broth (TSB) medium in four
tubes. Next, 100 µL of bacterial inoculum (~108 CFU/mL) was added to the TSB medium in four tubes in which films
were already placed. This was kept in a shaker incubator (200 rpm) at 37 °C for 24 h. After that, 1 mL of the sample was
withdrawn and ten-fold diluted with maximum recovery diluent media. These ten-fold dilutions were spread on trypticase
soy agar (TSA) medium by spread plate method. The plates were kept in an incubator at 37 °C for 24 h to get the colonyforming unit (CFU/mL) to count.
Composite films of osthol were evaluated for their antifungal activity against mycelial growth of pathogenic fungi
Aspergillus niger, Alternaria alternata, and Fusarium solani by food poisoning technique [34]. The 20-mm circular films,
first sterilized under a UV chamber for 15 min, were mixed with autoclave sterilized potato dextrose agar. Subsequently,
15-mL mixtures were transferred into sterile Petri plates and allowed to solidify. This was all done under a laminar airflow
chamber to ensure aseptic conditions. After solidification, these Petri plates were inoculated by placing 2-mm mycelial
discs of the above fungus in the centre of each plate. Actively growing colonies were used for the purpose. Three replicates
were maintained for each film. Petri plates were incubated at 24 ± 2 °C. Colony diameter was measured and recorded after
3 days. PDA plate without polymer osthol composite is served as a negative control. The percentage inhibition of fungal
growth by these composite films can be obtained by Vincent formulae:
(4)
where I is the percent inhibition, C is the colony diameter in control, and T is the colony diameter in treatment.
3. Results and discussion
3.1. UV-Vis. absorption analysis
The absorption spectra of PVA, osthol, and PO film are given in Figure 3. The spectrum of pure PVA did not show
any distinguishing peak in the UV visible region of the spectrum. The UV spectrum of an osthol molecule is showing
absorption peaks at 322 nm and 254 nm in inset Figure 3. However, after doping PVA with osthol (OL), the composite
film (PO) displayed distinctive absorption peaks from 218 nm to 318 nm, which confirmed the incorporation of OL in
PVA. The absorption bands intensified and shifted towards the left as the concentration of osthol increased [43]. High
polyphenolic compounds containing natural extracts and essential oils exhibit the same observation [44]. The interaction
between the two is well confirmed by the shifting of the peaks towards a lower wavenumber.
The opacity of the films was measured as per equation (1) at 600 nm wavelength. PVA films without osthol were found
to be more transparent or to have lower opacity values than those containing osthol (Table 1). The reason for the increase
in opacity of composite films could be due to the light absorption ability of osthol molecule. Since the osthol molecule
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contains a benzene ring fused with a pyran ring (benzopyran moiety with a carbonyl group at carbon number 2). The
presence of the benzene ring, the carbonyl group favours n-π* absorption in the UV region. As a consequence, these films
have excellent UV barrier properties. Hence, these films could act as a protective and preventive fence to UV light and
could prevent photodegradation of fat-rich foods [27]. Hu et al. detailed enhancement in the UV light barrier of gelatine
films by impregnation of Ginkgo biloba extract, while Vilela et al. reported improvement in the light barrier property of
chitosan films by ellagic acid [45,46]. A significant increase in film opacity was obtained with an increased concentration
of osthol [47].
3.2. FT-IR analysis
The spectra of PVA, osthol, and their composite films are illustrated in Figure 4. The FT-spectrum of pure osthol shows
a typical peak at 1723 cm–1 which is the characteristic peak of coumarinic carbonyl. Aliphatic & aromatic C-H bonds
are observed in the bands between 2700 and 3000 cm–1. Aromatic C=C exhibits the peaks at 1490–1600 cm–1. Another
absorption peak around 1130 cm–1 corresponds to the C-O stretch. Owing to the characteristic stretching vibrations of
O-H groups involved in inter- and intramolecular H-bonding between polymer chains, the pure PVA spectrum showed
a strong and broadband at 3263 cm−1. Due to electrostatic weak interactions between PVA –OH electric dipoles and
aromatic C-H stretches of osthol this band commence broadening with the incorporation of osthol in the polymer matrix
[37,43]. A shift in the band corresponding to asymmetric -C-H stretches from 2926 cm−1 to 2922 cm−1is observed. The
widening and shifting of the peaks between these two molecules are influenced by hydrogen bonding [37].
The band at 1428 cm−1 corresponds to C-H bends of methylene group vibrations of PVA [48]. The consequently
decreased intensity at this band in the composites by decoupling supports the interaction between the two [36]. Again,
peak merging at 1710 cm−1 (-C=O) of pure PVA and 1723 cm−1 of osthol shows hydrogen bonding type of interactions
between the two [37]. Concisely, the changes in PVA structure with osthol incorporation show consistency with the given
XRD data.

Figure 3. UV-Vis absorbance spectrum of pure PVA and PO film composite at different
concentrations of osthol.

Table 1. Thickness, moisture content (MC), transparency values, and film solubility are given as mean ± standard deviation.
Samples

Thickness (mm)

Moisture content (MC)

Transparency

Film solubility (FS)

Pure PVA

0.126 ± 0.0020

11.23%

0.397 ± 0.006

99.11%

5-mL PO

0.143 ± 0.0015

8.86%

0.755 ± 0.008

93.21%

10-mL PO

0.153 ± 0.0025

7.02%

1.104 ± 0.018

63.19%

15-mL PO

0.156 ± 0.0015

6.67%

1.122 ± 0.011

57.42%
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Figure 4. FT-IR analysis of osthol (OL), PVA, and PO composite
film with different concentrations of osthol.

3.3. XRD analysis
The XRD analysis of virgin PVA and PO composite film is shown in Figure 5. In XRD analysis, the PVA film displayed a
major diffraction peak at 2θ = 19.68° [49]. This peak observed in PVA corresponds to the (101) crystal plane of polyvinyl
alcohol and inferred its semicrystalline nature [50]. It can be seen from the graph that individual peaks of the osthol
molecule are missing [51]. However, as the volume of OL augments, the intensity of the characteristic peak of PVA
decreases, thereby indicating the loss of the semicrystalline nature of PVA into amorphous. Besides, the characteristic
peak broadens due to polymer complex formation. This, in turn, results in the polymer chain separation and different
rearrangements in their structure. Also in our dopant molecule, we have hydrogen and oxygen atoms, which can interact
via van der Waals and weak interactions with polymer hydrogen atoms [37]. The interaction causes a significant decrease
in crystallinity in the host molecule. Another reason for decreased crystallinity may be due to the heat-induced alterations
(˃70 °C) during the preparation of the composite [49]. In addition, the lattice points like phonons are moved by the
supplied heat. Due to this movement, existing bonds break off and lattice systems give rise to new bonds [49]. FT-IR data,
as mentioned before, provides an evidential aid to the interaction between OL and PVA and infers the noncovalent nature
of this interaction.
3.4. Field emission scanning electron microscopy
FESEM gives us micrographs of pure PVA and its composites with different concentrations of natural product osthol
molecule in Figure 6. These exhibit morphological changes on the surface of pure PVA polymer after doping with the
osthol molecule. From these micrographs, it is clear that PVA is clear and free from white particle deposition. Because
of the presence of an osthol molecule, white particles are found dispersed on the surface of the polymer matrix leaving
its surface rough. The surface properties like hydrophobicity are proportional to the degree of roughness of the surface.
Surfaces with more roughness, exhibit more hydrophobic character and such surfaces, thereof, might be employed in food
packaging [52]. These white particles are found to increase with an increased amount of osthol on the polymer matrix. A
similar observation was well supported by several studies [50,53]
3.5. Thermo-gravimetric analysis
As the polymeric materials to be employed in food packaging are required to survive high heat and moisture retort
treatments, they are necessitated to have considerable thermal stability. Thermal and oxidative stability, chemical structure,
chemical composition, and water activity of films are determined by the TGA test. Examining the alteration in thermal
degradation peak, therefore, turns out to be an advantageous technique in verifying the incorporation of bioactive
components in polymer films. Hydrogen bonding between –OH groups in pure PVA polymer is responsible for interchain
and intrachain interactions between polymer chains. These existing interactions between polymer chains in pure polymer
could get changed due to the presence of the methoxy group present in osthol PVA composite and thus could modify the
physical structure and crystalline behaviour. The TGA curves of pure PVA and osthol-PVA composites are shown in Figure
7. In these curves, weight loss occurs in three steps. Initially, weight loss is due to the evaporation of water molecules; thus,
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Figure 5. XRD analysis of pure PVA and PO composite film at different
concentrations of Osthol.

Figure 6. SEM analysis of PVA and PO composites with different concentrations
of osthol.

moisture content can be obtained from the initial weight loss curve [54]. The weight loss in the second stage can be due
to decomposition, thereby giving decomposition temperature of PVA which can be due to breakage of basic vinyl alcohol
units and bond cleavage in the PVA backbone. In the third step, there occurs the fragmentation of the giant structures of
both PVA and osthol [54,55]. The TGA curves show that the thermal stability of osthol embedded PVA films has improved
as compared to neat PVA. The improvement in the thermal stability could be due to interactions between OH groups
of PVA and the OCH3 group of osthol [56]. The reason for improved thermal stability can be explained by the reduced
movement of PVA chains which manifested in the repression of chain transfer reaction and continuously slowing down
degradation processes [57]. Pour et al. found increased thermal stability of starch PVA composite film containing citric
acid and suggested cross-linking interaction of critic acid molecules with starch and PVA chains [58]. The thermal stability
of polymer films is augmented with the inculcation of osthol in it. This augmentation was appreciable from the fact that
the degradation temperature altered from 255 °C to 278 °C. The augmentation in thermal stability must be quite beneficial
in the production of films via extrusion/compression molding. It may henceforth be inferred that the natural products
assist in the enhancement of utilization of edible films for food applications. Furthermore, it can be concluded that natural
products enhance the functionality of edible films for food applications. The exhibition of the higher crosslinking, density,
and lower porosity of films with good oxidative stability is very well appreciable with the increment in thermal stability.
The moisture content obtained was 10.18%, 6.20%, 5.37%, and 1.86%, respectively, for pure polymer 5 mL, 10 mL, and 15
mL composites of osthol from the first weight loss step.
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3.6. Contact angle
Uneven surfaces are found to have a more hydrophobic character than smooth surfaces [50]. Similarly, contact angle,
hydrophobicity, and surface roughness are in direct relationship with one another, implying that rough surfaces have
more contact angle and increased hydrophobic character [59, 60]. The contact angle increases with the irregular surface
as roughness increases the part of air captured within the surface [61, 60]. The contact angle of the PVA osthol films is
given in Figure 8. From the SEM micrographs of polymer composites, it is clear that increasing osthol concentration is
increasing the roughness of the films, hence the contact angle. The terms “hydrophobic” and “hydrophilic” are respectively
defined as θ > 65° and θ < 65° [62]. The contact angle for pure PVA is 43°. The contact angles for 10-mL and 15-mL films
increase from 43° to 65.2° and 66.7°, respectively. In the case of 5-mL composite film, the increase in contact angle was not
significant. Hence, the PVA film after being incorporated with 10 mL and 15 mL of osthol has developed a hydrophobic
nature. The hydrophobic nature of PVA osthol can crucially be benefited in food packaging. Unlike the behaviour observed
in roughness tests, the increase in the concentration of osthol did not affect the value of the contact angle considerably.
Therefore, the relationship between contact angle and surface roughness can be acquired by doing a comparison between
15-mL composite film with the polymer matrix and not between 15-mL and 10-mL composite films [63].
3.7. Moisture content
The films with hydrophobic surfaces (10-mL and 15-mL composite films) as supported by contact angle measurements
exhibited lower values of the moisture content as in Table 1 compared to pure PVA. For 15-mL PO composite film, a
reduction of MC was observed when compared with the neat PVA. This could probably be due to noncovalent interactions
between the polymer network and the osthol molecule which could have controlled the access of hydroxyl groups for
hydrogen bonding with water molecules [38]. As a consequence of which, the affinity of the films towards water has
decreased.

Figure 7. Fractional weight loss with temperature.

Figure 8. Image of a water droplet on the film surfaces of (a) 10 mL (c) 15 mL.
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3.8. Film solubility
Insolubility of film in water is a prerequisite for ensuring the retention of the seminal qualities of food products [64]. The
solubility of the film is an indicator of the water resistance of the film. Since pure PVA film is entirely soluble in distilled
water, a need arises to overcome this solubility. The addition of variable concentrations of osthol in PVA films does the
task of reducing the solubility of films. To exemplify this, we take note that the solubility of 15-mL PVA-osthol films was
found to be lower than that of pure PVA film. The results in Table 1 show that the water resistance is more in those PVA
films which have a higher concentration of osthol. This inference may well be attributed to the hydrophobic nature of the
film. It was found that in the case of PVA film containing starch, glycerol, and halloysite nanotube increase in contact angle
shows a correlation with a significant reduction in water solubility of nanocomposite film with increasing wt% of halloysite
nanotubes [31].
3.9. Water vapour transmission rate and oxygen transmission rate
To cater to the maintenance of the quality of the food products, materials recruited in packaging need to have seminal
oxygen and water barrier properties. Materials with both seminal oxygen and water barrier properties do not, however,
show their presence in nature. Generally, olefin polymers possess immaculate moisture barrier properties. This owes to the
fact that these polymers contain nonpolar functional groups in the repeating units, e.g. polyethylene and polypropylene.
PVA has good oxygen barrier features due to its crystalline nature and intermolecular attraction between hydroxyl groups
in monomeric units. The barrier properties of PVA osthol films were observed as a function of increasing volumes of an
osthol molecule or wt% of osthol as shown in Table 2. The oxygen transmission rate (OTR) value for pure PVA is 9.04
cc/m2/day. The OTR value for PO films varies from 7.78 to 5.15 cc/m2/day. This indicates OTR of virgin PVA films was
reduced by the incorporation of osthol. A similar result of a reduction in OTR values has been observed with PVA-based
PVA boric acid hybrid films [65].
Chemical structure, film morphology, nature of the permeate, and measurement conditions such as temperature
and water vapour pressure gradient are the credentials that govern water vapour permeability [66]. The water vapour
transmission rate of packaging materials should, normally, not exceed 1000 g/m2/day. The aforementioned water vapour
transmission rate shields food against the accumulation of excessive moisture and consequently against the redundant
growth of microbes associated with that excessive moisture. The WVTR of pure PVA film, as mentioned in Table 2, is
958.66 g/m2/day. With an increment in the concentration of osthol, this value keeps on altering in descending order from
958.66 to 668.67 g/m2/day. The lower value of WVTR of 15-mL composite film compared to pure PVA might be attributed
to the hydrophobic nature of the film. Hydrogen bonding interactions between hydroxyl groups of PVA and osthol lower
OTR and WVTR of the PVA-osthol films. Since the availability of free hydroxyl groups of polymer for hydrogen bonding
with water decreases with this interaction, it could, therefore, enhance its barrier properties. By incorporation of green tea
extract into chitosan-based films, a similar inference was obtained by Siripatrawan [38]. The reduction of water vapour
permeability in green tea extract is a result of hydrogen and covalent type interactions between chitosan and polyphenolic
compounds of it. Similarly, Gómezguillin et al. observed a reduction in the number of hydroxyl groups available for
hydrogen bonding with water due to cross-linking reaction between antioxidant extracts from murta leaves and tuna-fish
gelatine [67].
3.10. Thickness and mechanical properties
The thickness of the composite films, as depicted in Table 1, varies from 0.126 to 0.156 mm. Pure PVA is found to be the
thinnest.
Mechanical properties such as tensile strength (TS) and elongation at break (EB) play a pivotal role in regulating the
quality of food packaging materials. A universal testing machine was employed to infer the mechanical properties of
different PO films. As illustrated in Figure 9, the mechanical properties of the PVA film ameliorated with the inclusion of

Table 2. OTR, WVTR, TS, and % EB of all Film samples.
Film samples

OTR (cc/m2/day)

WVTR (g/m2/day)

Tensile strength TS (MPa) % elongation at break (EB)

PVA

9.04 ± 0.065

958.66 ± 3.858

18.73 ± 0.56

165± 2.45

5-mL

7.78 ± 0.041

808.33 ± 3.399

19.84 ± 0.72

147 ± 3.26

10-mL

6.11 ± 0.066

724.67 ± 3.091

22.51 ± 0.50

132 ± 2.05

15-mL

5.15 ± 0.041

668.67 ± 3.858

24.58 ± 0.49

123 ± 2.86
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osthol into pure PVA film. Given in Table 2, tensile strength of virgin PVA is enhanced with increasing wt% of osthol into
PVA, whereas the % elongation at break was reduced. While the tensile strength of pure PVA is 18.73 ± 0.56 Mpa, the PO
composite films exhibited an increasing trend from 19.84 ± 0.72 Mpa to 24.58 ± 0.49 Mpa. Reduction in EB is preferable in
food packaging, as this property is directly related to the biodegradability of the films [68]. As the osthol content increases,
elongation at break decreases from 165 ± 2.45 to 123 ± 2.86; thus, a decreasing trend is observed in the % elongation of PO
hybrid films. As food packaging materials have to approach common and mediocre stress during handling, food storage,
delivery, and transportation, improved tensile strength is, therefore, a crucial credential in food packaging applications.
Pure PVA exhibits low tensile strength and high elongation at break, this is supported by the fact that the polymeric chains
in pure PVA can show sliding movements easily by the application of external force. With the inculcation of osthol into
PVA polymer, hydrogen-bonding interactions between the polymer and osthol functional groups could have restricted
the movement of polymer chains by making the polymer chains tight and rigid. Tensile strength, therefore, shows an
increment, and elongation at the break on the flip side shows a decreasing trend [31]. With the addition of boric acid as a
cross-linking agent to PVA, an amelioration in the mechanical property was noted [69].
3.11. Biological studies
3.11.1. Antibacterial activity
The antibacterial properties of polymer composite films against S. aureus and E. coli were evaluated by the liquid test
culture method. The 15-mL polymer composite film inhibited the growth of both bacteria. The film composites containing
5 mL of osthol showed negligible antibacterial activity. The results obtained from the method are shown in Figures 10 and
11 against E. coli and S. aureus, respectively.
Antimicrobial activity is aimed to minimize the growth of microbes in the food package. Antibacterial activity was
confirmed by the colony count method by counting the number of viable cells, i.e. colonial forming units per millilitre.
From the graph, as shown in Figure 12, which shows log CFU/mL against all-composite film samples, it is clear that
15-mL composite film has shown antimicrobial activity against both tested pathogens and 10-mL composite film has

Figure 9. Tensile strength and % elongation at break of film samples.

Figure 10. Antibacterial activities of films against E.
coli.

Figure 11. Antibacterial activities of films against S.
aureus.
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shown antimicrobial activity against S. aureus. This significant activity exhibited by the 15-mL film sample against both
establishes the fact that the polymer composite film has good antibacterial properties and can be used for antimicrobial
applications; hence, it could show its provision in active packaging antimicrobial films.
3.11.2. Antifungal activity
Composite films of osthol were evaluated for their efficacy on mycelial growth of pathogenic fungi Aspergillus niger,
Alternaria alternata, and Fusarium solaniby food poisoning technique. As indicated in Figure 13a and Table 3, we can
see that the radial growth of Aspergillus niger is inhibited by increasing the concentration of osthol in composite films.
In control, the mean diameter of mycelial growth is 24 ± 0.25 mm and in 15-mL composite diameter of mycelial growth
is diminished to about 9.07 ± 0.15. Table 3 shows the same results where the diameter of mycelial growth is compared
with the concentration (µg/mL) and percentage inhibition of osthol in the polymer composite. Similarly in Figures 13b
and 13c and Tables 4 and 5, radial growth of Alternaria alternate and Fusarium solani was inhibited by increasing the
concentration of osthol.
It is imperative from the tables that with increasing concentration of the osthol in the composite films, the mycelial
growth is decreased. This inhibition of the mycelial growth by the composite films containing different amounts of osthol
indicates that they show antifungal activity and hence can find application in the food packaging industry.

Figure 12. Log CFU/mL of composite films against S. aureus and
E. coli.

Figure 13. Antifungal activities of polymer composites of osthol against (a) Asperigillus niger, (b) Alternaria alternate, (c) Fusarium
solani.
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Table 3. Concentration of osthol in polymer composites vs mean diameter and % inhibition.
Mean diameter(mm)

Conc. (µg/ml)

% inhibition

24.07 ± 0.25

0

0

23.03 ± 0.30

0

4.32 %

16.13 ± 0.25

83

32.98%

14.03 ± 0.35

143

41.71%

9.07 ± 0.15

187

62.32%

Table 4. Concentration of osthol in polymer composites vs mean diameter and % inhibition.
Mean diameter (mm)

Conc. (µg/mL)

% inhibition

85.40 ± 0.40

0

0

50.03 ± 0.21

83

41.42

42.10 ± 0.26

143

50.70

30.10 ± 0.25

187

64.75

Table 5. Concentration of osthol in composite films vs the mean diameter and % inhibition.
Mean diameter (mm)

Conc. (µg/mL)

% inhibition

28.07 ± 0.15

0

0%

17.93 ± 0.25

82

36.12%

7.17 ± 0.21

142

74.46%

6.07 ± 0.25

186

78.37%

4. Conclusion
Biopolymers are commonly used to minimize environmental degradation. PVA is one of the most common synthetic
biopolymer and is considered safe and environmentally friendly. In this research manuscript, a natural coumarin osthol was
incorporated into the polymer PVA to improve its barrier and mechanical and antimicrobial properties for antimicrobial
applications. The resultant PVA osthol composite films showed more water resistance due to an increase in hydrophobic
character. This is reflected with the increase in contact angle of 15-mL composite film by 21.36° as compared to virgin PVA.
The enhancement in the mechanical, thermal, antimicrobial, and barrier properties are appreciable in the films with the
higher concentration of osthol (15 mL). Keeping in view the above encouraging results, such PVA osthol films can have
wider applications in the food industry and can act as a potential candidate for food packaging applications.
Acknowledgments
One of the authors IG would like to thank the Ministry of Human Resource Development (MHRD) New Delhi for
Fellowship. Authors JAB and FAM would like to thank the JK Department of Science and Technology for research grants.
FAM would also like to thank UGC India for the start-up project (No.F.30-59/2019 (BSR).
Conflict of interest
We do not have any conflicts of interest related to this paper. The authors have no relevant financial or nonfinancial
interests to disclose.
Compliance with ethical standards
The present study does not involve any human or animal subjects.

1995

GOWSIA et al. / Turk J Chem
Funding
The authors declare that no funds, grants, or other support were received during the preparation of this manuscript.
Data availability
The data generated during the current study are available with the corresponding author.
References
1.

Shah AA, Hasan F, Hameed A, Ahmed S. Biological degradation of plastics. A comprehensive review. Biotechnology Advances 2008; 26:
246-265.

2.

Siracusa V, Rocculi P, Romani S, Rosa MD. Biodegradable polymers for food packaging: a review. Trends in Food Science & Technology
2008; 19: 634-643.

3.

Silvestre C, Duraccio D, Cimmino S. Food packaging based on polymer nanomaterials. Progress in Polymer Science 2011; 36: 1766-1782.

4.

Arora A, Padua GW. Review: Nanocomposites in food packaging. Journal of Food Science 2010; 75: R43-R49.

5.

Butnaru E, Cheaburu CN, Yilmaz O, Pricope GM, Vasile C. Poly(vinyl-alcohol)/chitosan/montmorillonite nanocomposites for food
packaging applications: Influence of montmorillonite content. High Performance Polymers 2015; 28 (10): 1124-1138.

6.

Ghanbarzadeh B, Almasi H, Entezami AA. Improving the barrier and mechanical properties of cornstarch-based edible films: Effect of
citric acid and carboxymethylcellulose. Industrial Crops & Products 2011; 33: 229-235.

7.

Avella M, De Vlieger JJ, Errico ME, Fischer S, Paolo V et al. Biodegradable starch / clay nanocomposite films for food packaging
applications. Food Chemistry 2005; 93: 467-474.

8.

Rhim JW, Ng PKW. Natural biopolymer-based nanocomposite films for packaging applications. Critical Reviews in Food Science &
Nutrition 2007; 47: 411-433.

9.

Sinharay S, Bousmina M. Biodegradable polymers and their layered silicate nanocomposites: In greening the 21st-century materials
world. Progress in MaterialsScience 2005; 50: 962-1079.

10.

Avérous L, Halley PJ. Bio-composites based on plasticized starch. Bio-fuels, Bio-products & Bio-refining 2009; 3 (3): 329-343.

11.

Ma X, Chang PR, Yu J, Yu J, Stumborg M. Properties of biodegradable citric acid-modified granular starch/thermoplastic pea starch
composites. Carbohydrate Polymers2009; 75 (1): 1-8.

12.

La Mantia FP, Morreale M. Green composites: A brief review. Composites Part A-Applied Science & Manufacturing 2011; 42: 579-588.

13.

Abdullah ZW, Dong Y, Davies IJ, Barbhuiya S. PVA, PVA blends and their nanocomposites for biodegradable packaging application. PolymerPlastics Technology and Engineering 2017; 56 (12): 1307-1344.

14.

Rhim JW, Park HM, Ha CS. Bio-nanocomposites for food packaging applications.Progress in Polymer Science 2013; 38: 1629-1652.

15.

Bastida CR, Bello-Pérez LA, García MA, Martino MN. Physicochemical and microstructural characterization of films prepared by thermal
and cold gelatinization from non-conventional sources of starches. Carbohydrate Polymers 2005; 60: 235-244.

16.

Avérous L. Biodegradable multiphase systems based on plasticized starch: A review. Journal of Macromolecular Science: Part C: Polymer
Reviews 2004; 44: 231-274.

17.

Tang X, Alavi S. Recent advances in starch, polyvinyl alcohol-based polymer blends, nanocomposites, and their biodegradability.
Carbohydrate Polymers 2011; 85 (1): 7-16.

18.

DeMerlis CC, Schoneker DR. Review of the oral toxicity of polyvinyl alcohol (PVA). Food and Chemical Toxicology 2003; 41: 319-326.

19.

Chen Y, Cao X, Chang PR, Huneault MA. A comparative study on the films of Poly (vinylalcohol)/pea starch nanocrystals and poly(vinyl
alcohol)/native pea starch. Carbohydrate Polymer 2008; 73 (1): 8–17.

20.

Jayasekara R, Harding IH, Bowater I, Christie GBY. Preparation, surface modification and characterization of solution cast starch PVA
blended films. Polymer Testing 2004; 23 (1): 17–27.

21.

Lawton JW. Effect of starch type on the properties of starch-containing films. Carbohydrate Polymer 1996; 29: 203–208.

22.

Shogren RL, Lawton JW, Tiefenbacher KF, Chen Liang. Starch-poly(vinylalcohol) foamed articles prepared by a baking process. Journal of
Applied Polymer Science 1998; 68: 2129–2140.

23.

Siddaramaiah S, Raj B, Somashekar R. Structure-property relation in polyvinyl alcohol/starch composites. Journal of Applied Polymer
Science 2004; 91: 630-635.

1996

GOWSIA et al. / Turk J Chem
24.

Yoon SD, Chough SH, Park HR. Effects of additives with different functional groups on the physical properties of starch/PVA blend film.
Journal of Applied Polymer Science 2006; 100: 3733–3740.

25.

Guohua Z, Ya L, Cuilan F, Min Z, Caiqiong Z, Zongdao C. Water resistance,mechanical properties and biodegradability of methylatedcornstarch/poly(vinyl alcohol) blend film. Polymer Degradation & Stability 2006; 91:703–711.

26.

Suganthi S, Vignesh S, Sundar JK, Raj V. Fabrication of PVA polymer films with improved antibacterial activity by fine-tuning via organic
acids for food packaging applications. Applied Water Science 2020; 10: 100.

27.

Annu, Ali A, Ahmed S. Eco-friendly natural extract loaded antioxidative chitosan/polyvinyl alcohol-based active films for food packaging.
Heliyon 2021; 7 (3): e06550.

28.

Altinkok C, Acik G, Daglar O, Durmaz H, Tunc I, Agel E. A facile approach for the fabrication of antibacterial nanocomposites: A case
study for AgNWs/Poly (1, 4-Cyclohexanedimethylene Acetylene Dicarboxylate) composite networks by aza-Michael addition. European
Polymer Journal 2002; 169, 111130.

29.

Aslam M, Kalyar MA, Raza ZA. Polyvinyl alcohol: A review of research status and use of polyvinyl alcohol based nanocomposites. Polymer
Engineering& Science 2018; 58 (12): 2119-2132.

30.

Van Do, Le TG, Tran DT. Volarization of microagale-derived mineral ash via Composite fabrication with polyvinyl alcohol. Vietnam
Journal of Chemistry 2021; 56 (4E): 220-225.

31.

Abdullah ZW, Dong Y, Han N, Liu S. Water and gas barrier properties of polyvinyl alcohol (PVA)/starch (ST)/glycerol (GL)/halloysite
nanotube (HNT) bionanocomposite films: Experimental characterization and modelling approach. Composites Part B: Engineering
2019; 174: 107033.

32.

Figueroa M, Rivero-Cruz I, Rivero-Cruz B, Bye R. Constituents, biological activities, and quality control parameters of the crude extract
and essential oil from Arracacia tolucensisvar. multifida,” Journal of Ethnopharmacology 2007; 113 (1): 125–131.

33.

Rosselli S, Maggio A, Bellone G, Formisano C, Basile A et. al. Antibacterial and anticoagulant activities of coumarins isolated from the
flowers of Magydaris tomentosa. Planta Medica 2007; 73 (2) : 116– 120.

34.

Shi Z, Shen S, Zhou W, Wang F, Fan Y. Fusarium Graminearum growth inhibition due to glucose starvation caused by osthol. International
Journal of Molecular Sciences 2008; 9 (3): 371-382.

35.

Farooq S, Shakeel-u-Rehman, Dangroo NA, Priya D, Banday JA et al. Isolation, Cytotoxicity Evaluation and HPLC-Quantification of the
Chemical Constituents from Prangos pabularia. PLOS ONE 2014; 9 (10): e108713

36.

Usman A, Hussain Z, Riaz A, Khan AN. Enhanced mechanical, thermal and antimicrobial properties of poly(vinyl alcohol)/graphene
oxide/starch/silver nanocomposites films. Carbohydrate Polymers 2016; 153: 592–599.

37.

Mir FA, Gani A, Asokan K. Gamma irradiation studies of composite thin films of poly vinyl alcohol and coumarin. RSC Advances 2016;
6: 1554.

38.

Siripatrawan, Ubonrat, Bruce RH, Physical properties and antioxidant activity of an active film from chitosan incorporated with green tea
extract. Food hydrocolloids 2010; 24 (8): 770-775. https://doi.org/10.1016/j.foodhyd.2010.04.003

39.

Karbowiak T, Debeaufort F, Champion D, Voilley A. Wetting properties at the surface of iota-carrageenan-based edible films. Journal of
Colloid and Interface Science 2006; 294 (2): 400–410.

40.

Orsuwan A, Shankar S, Wang LF, SothornvitR, Rhim JW. Preparation of antimicrobial agar/banana powder blend films reinforced with
silver nanoparticles. Food Hydrocolloids 2016; 60: 476-485.

41.

Gennadios A, Weller CL, Gooding CH .Measurement errors in water vapor permeability of highly permeable, hydrophilic edible films.
Journal of Food Engineering.1994; 21: 395-401.

42.

Teixeira B, Marques A, Pires C, Ramos C, Batista I et al. Characterization of fish protein films incorporated with essential oils of clove,
garlic, and origanum: physical, antioxidant and antibacterial properties. LWT- Food Science &Technology 2004; 59 (1): 533–539.

43.

Abdelghany AM, Meikhail MS, Abdelreheem GEA, Badr SI, Elsheshtawy N. Lepidium sativum natural seed plant extract in the structural
and physical characteristics of polyvinyl alcohol. International Journal of Environmental Science & Technology 2018; 75 (6): 965-977.

44.

Davis PW, Shalliday TS. Some optical properties of cadmium telluride. Physical Review 1960; 118: 1020-1022.

45

Hu X, Yuan L, Han L, Li S, Song L. Characterization of antioxidant and Anti-bacterial gelatin films incorporated with Ginkgo biloba
extract. RSC advances, 2019; 9 (47): 27449-27454.

46.

Vilela C, Pinto RJ, Coelho J, Domingues MR, Daina S, Sadocco P, Freire CS. Bioactive chitosan/ellagic acid films with UV-light protection
for active foodpackaging. Food Hydrocolloids, 2017; 73: 120-128.

47.

Gómez-Estaca J, Gimenez B, Montero P, Gomez-Guillen MC. Incorporation of antioxidant borage extract into edible films based on sole
skin gelatin or acommercial fish gelatin. Journal of Food Engineering 2009; 92 (1): 78-85.

1997

GOWSIA et al. / Turk J Chem
48.

Rahman MM, Afrin S, Haque P. Characterization of crystalline cellulose of jutereinforced poly (vinyl alcohol) (PVA) bio-composite film
for potential biomedicalapplications. Progress in Biomaterials 2014; 3: 23.

49.

Tripathi J, Tripathi S, Keller JM. Degradation study on structural and optical properties of annealed Rhodamine B doped poly(vinyl)
alcohol films. Polymer Degradation and Stability 2013; 98: 12–21.

50.

Shiji M, Snigdha S, Mathew J, Radhakrishnan EK. Montmorillonite: Boiled rice water (starch) blend film reinforced with silver
nanoparticles; characterization and antibacterial properties. Applied Clay Science 2018; 161: 464–473.

51.

Farozi A, Shah SA, Banday JA. Structural and optical studies of 7-methoxy-8-(3-methylbut-2-enyl)-2-chromenone (osthol), a plant based
coumarin. Optik 2016; 127 (5): 2802-2805.

52.

Erbil HY, Demirel AL, Avci Y, Mert O. Transformation of a simple plastic into a superhydrophobic surface. Science 2003; 299 (5611): 13771380.

53.

Abdelghany AM, Menazea AA, Ismail AM. Synthesis, characterization, and antimicrobial activity of Chitosan/Polyvinyl Alcohol blend
doped with Hibiscus Sabdariffa L. extract. Journal of Molecular Structure 2019; 1197: 603-609.

54.

Guiping M, Dongzhi Y, Dandan S, Xueyan M. Preparation and properties of water-soluble chitosan and polyvinyl alcohol blend films as
potential bone tissue engineering matrix. Polymers for Advanced Technologies 2010; 21: 189-195.

55.

Deshmukh K, Ahmad J, Hagg MB. Fabrication and characterization of polymer blends consisting of cationic polyallylamine and anionic
polyvinyl alcohol. Ionics 2014; 20:957-967.

56.

Yurong G, Dapeng L. Preparation and characterization of corn starch/PVA/glycerol composite films incorporated with e-polylysine as a
novel antimicrobial packaging material. e – Polymers 2020. 20 (1): 154-161.

57.

Seira M, Masaru K., Takashi, N. Uniaxial drawing of poly(vinyl alcohol)/graphene oxide nanocomposites. Carbon 2014; 70: 38-45.

58.

Pour ZS, Makvandi P, Ghaemy M. Performance properties and antibacterial activity of Crosslinked films of quaternary ammonium
modified starch and poly(vinyl alcohol).International Journal of Biological Macromolecules 2015; 80: 596-604.

59.

Jiang Z, Yunhai M, Lili R, Jin T, Ziqin L et al. Preparation and characterization of surface crosslinked TPS/PVA blend films. Carbohydrate
Polymers 2009; 76: 632-638.

60.

Seungil K, Boram L, Lim J, Mun C, Youngmee J, Kim JH, Kim SH. Preparation of topographically modified poly (L-lactic acid)-b-Poly(bcaprolactone)-b-Poly (L-lactic acid) tri-block copolymer film surfaces and their blood compatibility. “Macromolecular Research 2014; 22:
1229–1237

61.

Fowkes FM. Contact Angle, Wettability, and Adhesion. American Chemical Society, 43; Washington DC 1964; 1-51.

62.

Vogler EA. Structure and reactivity of water at biomaterial surfaces. Advances in Colloid &Interface Science 1998; 74: 69–117.

63.

Carolina MJ, Paula GS, Silvia G, Celina B, Lucia F. Biofilms based on cassavastarch-containingstarch of yerba mate as antioxidant and
plasticizer. Starke 2015; 67: 780-789.

64.

Tongdeesoontorn W, Mauer LJ, Wongruong S, Sriburi P, Rachtanapun P. Effect of carboxymethyl cellulose concentration on physical
properties of biodegradable cassava starch-based films. Chemistry Central Journal 2011; 5 (1): 6. https://doi.org/10.1186/1752-153X-5-6

65.

Lim M, Kwon H, Kim D, Seo J, Han H et al. Highly-enhanced water-resistant and oxygen barrier properties of cross-linked poly (vinyl
alcohol) hybrid films for packaging applications. Progress in Organic Coatings 2015; 85: 68-75

66.

Park EH, George ER, Muldoon MA, Flammino A. Thermoplastic starch blends with poly (vinyl alcohol): Processability, physical properties,
and bio-degradability. Polymer news 1994; 19: 230–238

67.

Gómez Guillén MC, Ihl M, Bifani V, Silva A, Montero P. Edible films made from tuna fish gelatin with antioxidant extracts of two different
murta ecotypes leaves (Ugni molinae Turcz). Food Hydrocolloids 2007; 21: 1133-1143.

68.

Voon HC, Bhat R, Easa AM, Liong MT, Karim AA. Effect of addition of halloysite nanoclay and SiO2 nanoparticles on the barrier and
mechanical properties of bovine gelatin films. Food and Bioprocess Technology 2012; 5: 1766–1774.

69.

Chen J, Li Y, Zhang Y, Zhu Y. Preparation and characterization of graphene oxide reinforced PVA film with boric acid as cross-linker.
Journal of Applied PolymerScience 2015; 132: 42000.

1998

